A simple go/no-go test for body armor panels using pressure-sensitive, dye-indicator film (PSF) has been shown to be statistically effective in revealing subcritical damage to body armor panels. Previous measurements have shown that static indicator levels are accurately reproduced in dynamic loading events. Further impact tests on armor worn by a human resuscitation dummy using instrumented masses with an attached accelerometer and embedded force transducer have been performed and analyzed. New impact tests have shown a reliable correlation between PSF indication (as digitized images) and impact force for a wide range of impactor energies and masses. Numerical evaluation of digital PSF images is presented and correlated with impact parameters. Relationships between impactor mass and energy, and corresponding measured force are shown. We will also report on comparisons between ballistic testing performed on panels damaged under various impact conditions and tests performed on undamaged panels. ABSTRACT. A simple go/no-go test for body armor panels using pressure-sensitive, dye-indicator film (PSF) has been shown to be statistically effective in revealing subcritical damage to body armor panels. Previous measurements have shown that static indicator levels are accurately reproduced in dynamic loading events. Further impact tests on armor worn by a human resuscitation dummy using instrumented masses with an attached accelerometer and embedded force transducer have been performed and analyzed. New impact tests have shown a reliable correlation between PSF indication (as digitized images) and impact force for a wide range of impactor energies and masses. Numerical evaluation of digital PSF images is presented and correlated with impact parameters. Relationships between impactor mass and energy, and corresponding measured force are shown. We will also report on comparisons between ballistic testing performed on panels damaged under various impact conditions and tests performed on undamaged panels.
INTRODUCTION
Impact experiments on ceramic body armor panels (BAP) employing pressure sensitive dye-indicator film (PSF) as a means to indicate potential damage have been previously reported on [1] . In this paper we report on further impact experiments covering a wider range of impact energies. New impact test employing the use of digitized images of PSF show a reliable correlation between measured impact force and indications present on PSF. A nonlinear model has been developed that captures the general trends of the experimental impacts for a wide range of impact energies. A simplified numerical model employing ANSYS LS-DYNA was created to model impacts. The simplified model models the human chest as a linear elastic material and does not account for nonlinear and visco-elastic effects that are present in a real human torso. Ballistics experiments have been performed on damaged BAP and results show that they retain their ability to defeat a ballistic threat but acquire greater damage during a ballistic impact as compared to an undamaged panel. 
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EXPERIMENTAL METHOD
Impact Drop Tests
To permit repeatable impact drop tests to be conducted on BAP samples, a 10-ft PVC pipe was mounted vertically along the lab wall to act as a guide for one of the three impactors designed for these experiments. The impactors have weights (masses) of 5.15 lb (2.34 kg), 9.36 lb (4.25 kg), and 12.5 lb (5.68 kg). Teflon spacers were attached to the outside of the impactors to reduce friction in the PVC pipe and to guide the mass straight down the PVC pipe. A hole was machined in the impactor contact surface to allow for the insertion of a force transducer. An accelerometer is additionally attached to the top of the impactors.
A CPR manikin has been employed to replicate the compression effects of a human torso [2] . To install the BAP on the CPR manikin a carrier vest was used. The manikin was placed on its back under the drop tube. The BAP studied in this work have all been rated NIJ threat level IV, stand alone. They are composed of a ceramic plate adhered to a fibercomposite backing.
Pressure-Sensitive Indicator Film
The PSF is available from the manufacturer [1] in several pressure ranges that yield reliable measurements. Three pressure ranges were used in our drop tests: medium (1400-7100 psi), high (7100-18500 psi), and super high (18500-43200 psi). The PSF functions as applied pressure beyond the minimum specified value breaks microencapsulated dye spheres and the contents are absorbed into the surrounding developer medium, resulting in a high-contrast indication. Impacts that produce pressures below that of the range of a particular level do not leave an indication on the film. Impacts that exceed that of the range of a particular film saturate the PSF, and only a threshold pressure reading may be obtained. Pressure readings within the range of a particular film level are obtained by correlating the level of saturation on the PSF to a calibration supplied by the manufacturer.
All digitized images of PSF presented were obtained by converting raw indications into a gray scale image and employing a built in MATLAB function that evaluates pixel values of the gray scale images then converts them into a contour plot. Figure 1 shows the indication scale along with the corresponding saturation level for the PSF provided by the manufacturer and a contour map of the digitized scale. Table 1 lists the pressure values corresponding to the saturation scale as provided by manufacturer. Figure 1 and Table 1 were used to estimate the pressure applied during impact testing based off of the indication on the PSF. Figures 2 and 3 show the raw PSF indications and their corresponding digitized images from impacts corresponding to drop heights of 12" and 48", for the small and large impactors respectively. Table 2 lists the pressure values calculated from force transducer data and area for a range of impacts. Table 3 lists the saturation levels and corresponding pressure values approximated from digitized PSF using Fig. 1 and Table 1 .
RESULTS AND DISCUSSION
Impact Experiments Employing PSF
Comparing both the raw indications and digitized images in Fig. 2 and 3 it is shown that as the impact energy (drop height) increase, the indication level on the PSF increases. As the impact energy increases the force of the impact increases and as expected the pressure applied to the armor increase. For both impactors at the low impact energies little to no indication appears on the high and super high PSF while at the high impact energies the medium PSF becomes over saturated and indication arise on the high and super high PSF. Comparing the pressure values in Tables 2 and 3 shows that the PSF accurately measures the applied pressure to the BAP for a range of impact energies. 
Nonlinear Model
Equation (1) was used to model experimental impacts onto BAP [4] . Table 4 list the coefficients used for the small, medium, and large impactors. Figure 4 shows a comparison of acceleration profiles from experimental data and nonlinear model for the small and large impactors from 6" and 48" drop heights. The nonlinear model captures the general trends of the experimental data for each impact. Peak acceleration values from the nonlinear model approximate those of the experimental data with minimal error. The nonlinear also model produces acceleration profiles on the same time scale as those of the experimental data. Constants for nonlinear model differ for each impactor and experimental data is required to determine correct values. Once constants are set nonlinear model may be used to obtain approximate acceleration profiles for a wide range of impact energies. Figure 5 shows a comparison of acceleration profiles from experimental data and numerical model for the small and large impactors from 6" and 48" drop heights. The numerical model reproduces acceleration profiles on the same time scale as the experimental data but over predicts the peak acceleration for all impact events. Error in the numerical model may be attributed to the use of a linear elastic material used to model the human chest compression, neglecting the nonlinear and visco-elastic effects present in an actual human torso. Figure 6 shows the damage acquired in two BAP from ballistics testing. The panel on the left had no visible damage in the ceramic material prior to testing. The panel on the right (further referred to as panel D) had been subjected to an impact the caused visible damage to occur in the ceramic material prior to ballistics testing. Ballistics testing was performed with rounds of approximate weight, muzzle velocity, and energy of 130 grains, 720 m/s, and 2180 J respectively.
Numerical Model
Ballistics Testing
The damage caused by the ballistic impact to the panel that had no initial damage covers a circular area with a radius of approximately 3.5 cm. Beyond that radius minimal damage appears in the ceramic panel with the exception of approximately 12 thru thickness cracks that radiate out from the point of impact. The contrast between the radial cracks and the surrounding armor diminishes as the cracks radiate out suggesting that the cracks become more tightly closed as they reach the edge of the armor panel. Previous research has shown that if cracks in the ceramic portion of an armor plate may be considered closed, they will have a minimal to negligible effect on the ballistics performance of the armor panel [3] . In comparison, the radial cracks in panel D, as evidence by the contrast difference of the pre and post ballistics images, appear to have opened further postballistics testing.
Visible in the post-ballistic impact x-ray images of panel D but absent in the initially undamaged panel are cracks extending between the radial cracks. The crack structure of panel D post-ballistics impact appears chaotic compared to that of the initially undamaged panel. The cracks connecting the radial cracks cause the ceramic around the impact site to be divided into small pieces. A high number of small pieces may allow for movement of the ceramic upon another ballistic impact potentially reducing the ballistic performance and multiple hit effectiveness of the armor panel. 
CONCLUSIONS
We have shown for a wide range of impact energies, PSF accurately measures the pressure applied to BAPs due to impact. Comparison of approximated applied pressure calculated from force transducer data and area, and digitized PSF images reveals good agreement with minimum error.
A nonlinear model has been shown to capture the general trends of experimental data for each impactor, including peak accelerations and impact time durations. Experimental data is required to determine constants for each impactor. Once constants are set, nonlinear model works well for a wide range of impact energies up to those that have the potential to cause damage in BAP.
A simplified numerical model employing a linear elastic material to model the human torso has been developed and shown to reproduce the general trends of the acceleration profiles for the experimental data. The model is highly dependent on the material properties of the ceramic plate and composite backing. Small changes in either property lead to substantial differences in the results. Average material properties were used in the model and employing more accurate values for material properties may lead to a significant increase in the accuracy of the model.
Ballistics testing reveals that BAP subjected to impacts that caused damage in ceramic material retain their ability to defeat a ballistic threat. Extensive damage in acquired in BAPs with initial damage as compared to panels with no visible damage in the ceramic material. This increase in damage may lead to a reduction in the BAP's ability to provide multiple hit protection.
